Co doped ZnO films have been deposited by a laser-molecular beam epitaxy system. X-ray diffraction and UV spectra analysis show that Co effectively substitutes the Zn site. Transmission electron microscopy (TEM) and secondary ion mass spectroscopy analysis indicate that there are no clusters. Co dopants are uniformly distributed in ZnO film. Ferromagnetic ordering is observed in all samples deposited under an oxygen partial pressure, PO2=10-3, 10-5, and 10-7 torr, respectively. However, the magnetization of PO2=10-3 and 10-5 is very small at room temperature. At low temperature, the ferromagnetic ordering is enhanced. Muon spin relaxation (μSR) measurements confirm the ferromagnetism in all samples, and the results are consistent with magnetization measurements. From μSR and TEM analysis, the film deposited under PO2=10-7 torr shows intrinsic ferromagnetism. However, the volume fraction of the ferromagnetism phase is approximately 70%, suggesting that the ferromagnetism is not carrier mediated. Resistivity versus temperature measurements indicate Efros variable range hopping dominates the conductivity. From the above results, we can confirm that a bound magnetic polaron is the origin of the ferromagnetism.
Co doped ZnO films have been deposited by a laser-molecular beam epitaxy system. X-ray diffraction and UV spectra analysis show that Co effectively substitutes the Zn site. Transmission electron microscopy (TEM) and secondary ion mass spectroscopy analysis indicate that there are no clusters. Co dopants are uniformly distributed in ZnO film. Ferromagnetic ordering is observed in all samples deposited under an oxygen partial pressure, PO 2 = 10 −3 , 10 −5 , and 10 −7 torr, respectively. However, the magnetization of PO 2 = 10 −3 and 10
is very small at room temperature. At low temperature, the ferromagnetic ordering is enhanced. Muon spin relaxation (μSR) measurements confirm the ferromagnetism in all samples, and the results are consistent with magnetization measurements. From μSR and TEM analysis, the film deposited under PO 2 = 10 −7 torr shows intrinsic ferromagnetism. However, the volume fraction of the ferromagnetism phase is approximately 70%, suggesting that the ferromagnetism is not carrier mediated. Resistivity versus temperature measurements indicate Efros variable range hopping dominates the conductivity. From the above results, we can confirm that a bound magnetic polaron is the origin of the ferromagnetism. DOI: 10.1103/PhysRevB.96.104423
I. INTRODUCTION
Spintronics is known as the technology which combines charge and spin degree of freedom of electrons. It has the advantage that devices can be operated with high speed and low power consumption [1] [2] [3] . Diluted magnetic semiconductors (DMSs) have been widely investigated in the past decades due to the promising properties that could be utilized in spintronics, which is possible to integrate the spin transport into the conventional electronic devices [1] . The ideal DMS is to dope a small amount of magnetic element into a semiconductor matrix and generate long range ferromagnetic ordering via a carrier-mediated mechanism that could make this material suitable for spintronic devices [4] . The early research on DMS showed that III-V based DMS such as Mn-doped GaAs exhibited carrier-mediated ferromagnetism [4] [5] [6] [7] . Mean field theory based on the Zener model has been used to explain the emergence of ferromagnetism [4] . However, its low Curie temperature makes it not suitable for practical applications [4, 8] . Dietl et al. predicted that DMSs based on wide band gap semiconductors (i.e., ZnO) are likely to show room temperature ferromagnetism when doping by about 5% Mn [4] . Wide gap semiconductors doped with transition metal elements such as, Fe, Cr, Mn, and Co have been widely reported to exhibit ferromagnetism at room temperature thereafter [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, the underlying coupling mechanism resulting in a ferromagnetic ground state is still under debate. In some cases, intrinsic ferromagnetism has been claimed in * Corresponding author: jiabao.yi@unsw.edu.au oxide based DMSs [18] , whereas, in some other DMSs, the ferromagnetism is not carrier-mediated and therefore cannot be explained using the Zener model based mean field theory since the samples show ferromagnetic ordering in an insulating state [19] . Therefore, the model of bound magnetic polarons has been employed for the explanation [20] . In some other cases, clusters, secondary phases, or interface structures have been claimed to be as the origin of the ferromagnetism in these oxide based DMSs [21] [22] [23] [24] [25] [26] [27] . In addition, it was also reported that transition oxide semiconductors doped with transition metals with "perfect" structures, i.e., without defects did not show ferromagnetism [28, 29] , indicating that defects play an important role in the formation of ferromagnetic ordering. Furthermore, ferromagnetism has been discovered in pure oxide semiconductors and nonmagnetic element doped oxide semiconductors, suggesting that defects themselves could be ferromagnetic under certain circumstances [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Co doped ZnO, one of the typical examples for oxide based DMSs, has been studied extensively. Similar to other oxide based DMSs, ferromagnetism and paramagnetism are both reported in this system. Li et al. grew high quality Co-ZnO thin films using molecular beam epitaxy (MBE). They found that at low doping concentration of Co, only paramagnetism could be observed when the film was grown "perfectly," i.e., without defects [40] . However, ferromagnetic ordering can be observed when Al or Ga was co-doped with Co. Detailed studies indicate that the carrier concentration has been significantly increased after the Co doping, pointing to the important role of charge carriers in the formation of ferromagnetism. Hence, the ferromagnetic state may be due to the carrier mediation. However, in some reports, the formation of bound magnetic polarons were claimed to be attributed to the origin of the ferromagnetism in Co doped ZnO [41, 42] . In addition,as mentioned before, defects have been considered as one of the major contributions to the ferromagnetism. Transmission electron microscopy (TEM) analysis and energy dispersive x-ray spectroscopy (EDS)/electron energy loss spectroscopy (EELs) mapping are typically used to obtain structure information and to provide evidence of intrinsic ferromagnetism, i.e., absence of dopant clusters and uniformity of dopant distribution. However, the information regarding magnetic spatial uniformity cannot be obtained using these techniques. In addition, it is still not clear whether intrinsic ferromagnetism and cluster induced ferromagnetism can co-exist in one system simultaneously. Muon spin relaxation (μSR) is a unique technique that can probe the local magnetic field in the samples, thus obtaining the information of the volume fraction of magnetic phases [43] . In addition, the tuneable energy of a low-energy muon beam (from 0.5 to 30 keV), allowing us to adjust the stopping depth from a few nanometer to 200 nm, is able to identify the uniformity of magnetic profile [44] . This technique has been successfully applied to a variety of systems such as (Ga,Mn)As [45] or oxide heterostructures [46] [47] [48] [49] . Magnetic uniformity has been reported in Mn doped GaAs magnetic semiconductors, confirming the intrinsic and carrier-mediated ferromagnetism [45] . However, the spatially magnetic uniformity on oxide based DMSs is rarely reported.
In this work, we perform low energy muon spin relaxation (LE-μSR) to investigate the effects of oxygen partial pressure on the magnetic properties of 10% Co-doped ZnO thin films deposited by laser molecular beam epitaxy (LMBE). Hysteresis loop measurements show that pure ZnO thin film are close to being diamagnetic. However, ferromagnetic ordering is observed in all Co-doped ZnO thin films and the magnetization increases with decreasing oxygen partial pressure. TEM-EDS mapping suggests that no Co clusters exist in the Co-doped ZnO films, while x-ray photoelectron spectroscopy (XPS), UV, and secondary ion mass spectroscopy (SIMS) analysis show that the Co ions are in the valance state of 2+ and successfully substitute Zn ions. μSR results show that the magnetic volume fraction is lower than 70%, suggesting that carrier mediation may not be as the origin of ferromagnetism. The bound magnetic polaron model can explain the observed phenomena [41, 42] .
II. EXPERIMENT PROCEDURE

A. Target sintering
Co 3 O 4 and ZnO (Sigma Aldrich, 99.99%) powders were mixed together with an atomic ratio of Co:Zn=1:10. The sufficiently mixed powders were pressed into pellets and sintered in a furnace at 1100
• C for ten hours. XRD analysis confirmed that the sintered target has a pure ZnO phase without any impurity phase. Similarly, a pure ZnO target was sintered using pure ZnO powders following the same procedure.
B. Preparation of ZnO and Co-doped ZnO films
ZnO thin films were fabricated by LMBE at 500
• C under different oxygen partial pressures varying from 10 −3 , 10 
C. Materials characterizations
The crystal structures of the thin films were analyzed by x-ray diffractometery (XRD, PANalytical Empyrean thin-film x-ray diffraction system, Cu Kα radiation). The morphologies and structures of the samples were examined by TEM (Phillips CM200). Raman spectroscopy (Renishaw inVia Raman microscope equipped with a 325 nm He-Cd ion laser and fitted with a diffraction grating of 1800 lines/mm) was used for determining the crystalline phase and point defects. UV spectroscopy analysis (PerkinElmer UV-Visible Spectrometer) was carried out to study the electronic transition in Co-doped ZnO. The electronic structure was characterized by x-ray photoelectron spectroscopy (XPS, ThermoScientific ESCLAB 250i). The depth profiles of elemental distribution in the thin film samples were obtained by a time of flight secondary ion mass spectrometer (TOFSIMS, ION-TOF TOF.SIMS). A magnetic property measurement system and physical property measurement system (PPMS) (Quantum Design, USA) were used for measuring M-H loops and transport properties.
D. Muon spin relaxation measurement
The μSR measurements were performed at the μE4 beam line [50] of the Swiss Muon Source, Paul Scherrer Institute, Switzerland. The measurements are performed using the lowenergy μSR technique, where an intense high-energy beam of muons is moderated in a solid Ar film. A small fraction of the incident muons emerge from the argon surface at low energy (10 eV). These are subsequently accelerated to 15 keV and transported to the sample chamber and μSR spectrometer. The square samples (20 mm × 20 mm) are mounted onto a Ni-coated Al plate which is electrically isolated from the cold finger of the cryostat and biased to a high voltage ranging from −12.5 to 12.5 kV. This allows the implantation energy of the muons to be adjusted between about 1.5 and 26.5 keV. We performed the measurements with and without magnetic field. A transverse field (TF) of 30 Oe is applied perpendicular to the initial muon spin polarization and the substrate surfaces, which are used to determine the magnetic volume fraction as a function of temperature. For the zero magnetic field (ZF) measurements, the stray magnetic field at the sample is less than 0.1 Oe.
III. RESULTS AND DISCUSSION:
XRD measurements were carried out to examine the crystallinity and to identify the different crystalline phases in the films (Fig. 1) . The results show the wurtzite phase of ZnO with its c-axis grown normal to the substrate surface. Only the (002) and (004) peaks of ZnO are present which indicates the high quality and epitaxial growth. No secondary phases are detected. In addition, it can be seen that with the decrease in the oxygen partial pressure, the peak (002) has a slight shift to the lower angle. It may be due to the stress induced by film growth • . The formation of twisted domains is caused by the competition between the local interface energy and epitaxial strain energy [51] [52] [53] . This may attribute to the relatively low growth temperature. Hence, there is insufficient energy to overcome the energy barrier. Similar phenomena were reported in ZnO thin films grown by pulsed laser deposition [52, 54] Multiphonon LO modes are observed in Raman spectra with a 325 nm He-Cd laser as the excitation source [ Fig. 3(a) ], which are detected at 578 cm −1 (LO), 1163 cm −1 (2LO), and 1742 cm −1 (3LO). It is noted that the peak intensity is significantly increased with the addition of Co dopants. The enhancement of the multiphonon scattering may attribute to the nature of Co atoms incorporated in the ZnO thin films and the intrinsic point defect scattering, such as oxygen and zinc vacancies, generated by the Co doping [55] .
The optical absorption spectra were measured to study the electronic transition. Three absorbance peaks at 568, 612, and 661 nm are observed in the absorbance spectra of Co-doped ZnO thin films [ Fig. 3(b) ], which are attributed to the d-d electronic transitions of tetrahedrally coordinated Co 2+ due to the 4 A2(F) → 2 A1(G), 4 A2(F) → 4 T1(P), and 4 A2(F) → 2 E(G) transitions, respectively, involving crystal-field-split 3d levels of Co 2+ ions substitution on Zn sites [56] [57] [58] [59] . This observation gives clear evidence that Co ions have entered the ZnO lattice and suggests that there is no formation of Co clusters. These results are consistent with the EDS mapping. In addition, SIMS was performed to study Co ions distribution. All the samples show uniform distribution of Co 2+ ions. A typical spectrum of a PO 2 = 10 −7 torr sample is shown in Fig. 3(c) . The increase in Zn 2+ and Co 2+ signal at the interface is caused by the changes in the ion yields at the interface, which is often observed in SIMS measurements [60] . There is a slight difference of thickness between EDS and SIMS measurement. It is due to the measurement error of the depth of the etched hole produced by SIMS measurement. XPS analysis was performed to further confirm the valence states and the oxygen vacancy states of the samples. torr is also observed.
The high magnetization of the PO 2 = 10 −7 torr sample may be due to the high concentration of carriers which would imply that carrier mediation may be the origin of the enhancement of the ferromagnetism. To support whether the ferromagnetism is carrier mediated or not, we performed annealing of the PO 2 = 10 −3 torr sample under an oxygen partial pressure of 10 −7 torr at 500
• C for 1 h. The saturation magnetization of the sample is significantly enhanced, reaching 10.65 emu/cm 3 at 300 K and 22 emu/cm 3 at 5 K, supporting that the ferromagnetism is carrier mediated since oxygen vacancies induced by annealing lead to carriers to mediate the ferromagnetism. In order to study the origin of ferromagnetism, resistivity versus temperature curves were taken using PPMS, as shown in Fig. 6 . The resistivity is 0.18 cm and 0.026 cm at room temperature for PO 2 = 10 −5 and 10 −7 torr samples, respectively. It should be noted that the resistivity of PO 2 = 10 −3 torr samples at low temperature is beyond our system limitation and cannot be measured. From Hall measurement, the corresponding carrier concentrations for the PO 2 = 10 −5 and 10 −7 torr sample at 300 K are 3.5×10 18 and 7.6×10 20 cm −3 , respectively. The significantly increased resistivity of both samples at low temperature indicates the semiconducting nature [ Fig. 6(a) ]. In order to understand the conduction mechanism, we fitted the curves with lnρ versus T −1/2 and T −1/4 , as shown in Fig. 6 . lnρ depends linearly on T −1/2 , suggesting that the Efros variable range hopping (VRH) may be the dominant conduction mechanism, meaning that Coulomb interactions between carriers dominate the electrical transport [61] . The hopping resistivity can be described as lnρ/ρ 0 = (T/T Ef ros ) −1/2 [19, 61, 62] , where T Ef ros = 8e 2 /ε r k B ξ , ρ 0 is the resistivity coefficient, e is the electron charge, ε r is the dielectric constant [20] , k B is the Boltzmann constant, and ξ is the localization length of carriers near the Fermi level. The VRH conduction mechanism and the small change of saturation magnetization at room and low temperatures suggest that bound magnetic polarons may be the origin of the ferromagnetism. Intrinsic ferromagnetism is essential for the applications in spintronics devices. It is known that magnetic clusters are likely to be formed in thin films prepared at low oxygen partial pressure, which were claimed to be the origin of ferromagnetism [27] . XRD and TEM-EDS mapping indicate that there is no Co clusters in the samples. In addition, UV and XPS analysis have shown that the Co ions have entered the Zn lattice sites with +2 valence state. This indicates the structural uniformity of our samples. To elucidate the nature of ferromagnetism in our samples, we performed low energy μSR measurements. These measurement allow us to investigate the magnetic uniformity and to identify the volume fraction of the ferromagnetic phase [45, 65] . In this work, we performed a depth profile with a range of tuneable muon beam energies from 1 to 20 keV for comparing the thin film and substrate μSR signals, respectively. The calculated muon stopping profiles for various implantation energies are shown in Fig. 7 .
The asymmetry spectrum corresponds to the time evolution of the muon spin polarization. Figure 8(a) shows the asymmetry spectra measured in a transverse field (TF) of 30 Oe applied perpendicular to the sample surface at 5 K. All the μSR data were analyzed using the MUSRFIT data analysis framework for [63, 64] .
μSR [66] . The data was fitted with a cosine function multiplied by a exponential with a damping rate λ s taking into account the field inhomogeneities,
The amplitude of the asymmetry, A, is a measure of the nonmagnetic volume fraction, while λ s is the damping due to magnetic field inhomogeneities produced by the ferromagnetic regions in the sample. By comparing A to the the reference asymmetry in a nonmagnetic sample of similar geometry, we can deduce the nonmagnetic volume fraction of the magnetic films.
The asymmetry spectrum of the undoped ZnO reference sample shows a weak depolarization, consistent with the presence of weak nuclear dipolar fields from 67 Zn nuclei with low abundance. This indicates that there is no ferromagnetic phase in the sample. In contrast, the Co-doped ZnO samples deposited at oxygen partial pressures varied from 10 −3 to 10 −7 torr show a reduced initial polarization, because muons stopping in magnetic regions experience large internal magnetic fields, causing a very quick loss of polarization ("missing fraction"). The remaining precession signal still shows a relatively weak depolarization rate, indicating that this fraction originates from muons stopping in regions without magnetic order. Typical asymmetry spectra measured in zero field (ZF) are presented in Fig. 8(b) . The ZF spectra in strongly magnetic samples (PO 2 = 10 −7 torr) is fitted by a static Lorentzian Kubo-Toyabe (KT) function multiplied by an exponential
Here is related to the width of the local field distribution, B, by = γ μ B, with γ μ the muon gyromagnetic ratio, and λ e is the damping rate due to some slow electronic dynamics. The KT function is appropriate for a μSR signal of randomly distributed diluted static magnetic moments. The signal in weakly magnetic samples grown at PO 2 = 10 −3 and 10 −5 torr is better accounted for using a simple fast-relaxing exponential plus a slowly-relaxing exponential function λ s ≈ 0.2(1)μs −1 .
The slow component represents a combination of the paramagnetic and background signal, and the nonrelaxing component of the small magnetic signal corresponding to the first term of Eq. (2). The depolarization rate of the fast component λ f is related to in Eq. (2) by λ f ≈ 4 3 [45] . From the fitting, the depolarization rate is very low in the reference sample of undoped ZnO. In the Co-doped samples the depolarization rate increases with decreasing oxygen partial pressure, indicating that the ferromagnetic strength becomes stronger with decreasing oxygen partial pressure. Figure 9 (a) shows the asymmetry of the precessing signal in a transverse field of 30 Oe as a function of temperature. The asymmetry of undoped ZnO sample is approximately 0.14 from 250 K to 5 K. For Co-doped ZnO films prepared at 10 −3 and 10 −5 torr, the asymmetry is similar to that of the undoped reference sample at relatively high temperature. However, it decreases significantly at temperatures lower than 50 K, which can be attributed to the appearance of regions with ferromagnetic order with large internal magnetic fields, causing a significant reduction of the 30 Oe precession amplitude. It clearly shows that a large fraction of paramagnetic phase at room temperature transforms to ferromagnetic phase at low temperature. For the Co-doped ZnO sample deposited at 10 −7 torr, the asymmetry is approximately 0.045 at all temperatures, which is significantly lower than in the other samples, indicating the presence of ferromagnetic ordering at least up to 250 K. The transverse field depolarization rates λ s at different temperatures are shown in Fig. 9(b) . For a pure ZnO sample, the damping rate is close to zero at all temperatures, confirming the nonmagnetic nature of the sample. For Co-doped ZnO samples, λ s increases with decreasing oxygen partial pressure: This increase can attribute to the development of stray fields from the ferromagnetic region in the paramagnetic regions.
Though there is variation of the damping rate in the PO 2 = 10 −7 torr sample, the variation as a function of temperature is relatively small. The samples prepared at 10 −3 and 10 −5 torr show a similar trend of λ s down to 50 K. The increase of the damping rate at lower temperatures suggests the development of ferromagnetic order at this temperature, consistent with the trend of the asymmetry, shown in Fig. 8 . As discussed previously, intrinsic ferromagnetism is of importance for the application of spintronics devices, which requires that the ferromagnetism is originated from dopant doping, not from defects and the ferromagnetism is mediated by carries. Therefore, the entire film is ferromagnetic due to carrier mediation. From the TF asymmetries, the volume fraction of the ferromagnetic phase can be calculated [45] , as shown in Fig. 9(c) . Pure ZnO has a very small fraction of ferromagnetic phase less than 3% at both 5 and 250 K, which may be due to the defect induced ferromagnetism. The volume fraction of the ferromagnetic phase for the Co doped ZnO samples deposited under PO 2 = 10 −7 , 10 −5 , 10 −3 torr is 70%, 43%, 25%, respectively, at 5 K. At 250 K, the fraction becomes 67%, 3%, and 0%, respectively, indicating that there is intrinsic ferromagnetism up to 250 K in the PO 2 = 10 −7 torr sample, because at this partial oxygen pressure the magnetic volume fraction does not change within experimental errors. In addition, no clusters were observed from TEM analysis. For the PO 2 = 10 −5 and 10 −3 samples, there is almost no ferromagnetic order present at room temperature.
In order to investigate whether the samples have relatively uniform magnetization from surface to interface, we collected the spectra of TF-μSR with different implantation energies, from which we can determine the ferromagnetic profile from the top surface to the substrate, as shown in Fig. 10 . From the stopping profile calculations an implantation energy of 8 keV corresponds to a mean implantation depth of about 45 nm. At energies 8 keV muons start to penetrate into the SiO 2 substrate where the positively charged muon predominantly captures an electron to form the neutral, hydrogenlike atom muonium. The precession frequency of a μ + in the neutral muonium state is typically at least two orders of magnitude larger than the μ + Larmor frequency, causing the observed reduction of the asymmetry of the muon originating from Larmor precession. The fact that the asymmetry weakly depends on implantation energy for energies 5 keV, i.e., for muons stopping in the ZnO film, indicates relatively uniform ferromagnetism from surface to interface. From Fig. 10(b) , it can be seen that the relaxation rate for reference sample is very low at all implantation energies. The low relaxation rate at the surface of the PO 2 = 10 −7 sample suggests a more inhomogeneous magnetic state as a function of depth in this Co-ZnO film.
The XRD and TEM analysis results indicate a uniform distribution of Co atoms in the ZnO lattice without the formation of any clusters or secondary phases. In addition, XPS results show that Co enters the ZnO lattice at the Zn site, suggesting that the magnetic state should be uniform as well. In contrast to these findings, the μSR measurements show that the magnetic volume fractions of all samples is 70%, demonstrating the presence of nonmagnetic regions in the films. This indicates that carrier mediation is not the origin of ferromagnetic order, though the carrier concentration from 10 −3 to 10 −7 increases significantly. Since the other techniques reveal a homogenous distribution of dopants and charge carriers, one would expect a 100% magnetic volume fraction in this case. The R-T curve fitting suggests that the ferromagnetism can be explained by the bound magnetic polaron theory [19] , which may explain the findings of the other experimental techniques in a consistent way.
Therefore, the ferromagnetism can only be explained by bound magnetic polarons (BMP) theory, consistent with R-T curve fitting [19] . The doping of Co into ZnO forms magnetic polarons. From BMP theory [20] , oxygen vacancies play important roles in the formation of ferromagnetic ordering. Oxygen vacancies can form F centers with trapped electrons. The orbitals of the F centers can interact with the d orbitals of Co dopants to form magnetic polarons. The increased concentration of magnetic polarons induces the overlapping of magnetic polarons, leading to ferromagnetic coupling. On the other hand, if there are less dopants, the magnetic polarons cannot be formed since the F center cannot be coupled with d orbitals. Similarly, if there is not enough oxygen vacancies, the ferromagnetic ordering cannot form either. Hence, the oxygen vacancies are very important for the formation of BMP in oxide based diluted magnetic semiconductors. In PO 2 = 10 −3 and 10 −5 samples, the oxygen vacancy concentration is not high enough. The isolated dopant or magnetic polarons cannot form ferromagnetic ordering. Therefore, there is very low volume fraction of ferromagnetic phase even at 5 K in the two samples. The required concentration of dopants or oxygen vacancies indicates that there is a percolation effect for BMPs [20] . For the PO 2 = 10 −7 sample, the interaction of oxygen vacancies F centers coupled with magnetic dopants, and the overlapping of magnetic polarons form strong ferromagnetic ordering [19, 67] . However, the ferromagnetic phase cannot expand to the entire film (70%). This can occur if some of the magnetic polarons do not overlap, forming some nonferromagnetic gaps between the polarons, as shown in Fig. 11(a) . These nonmagnetic areas may be due to the nonuniform distribution of defects, i.e., oxygen vacancies. Therefore, in some areas, the effective coupling between vacancies and polarons cannot be formed. For the PO 2 = 10 −5 and 10 −3 torr samples, the concentration of defects, i.e., oxygen vacancies, is not high enough due to the relatively high oxygen partial pressure. Therefore, the ferromagnetic ordering is reduced due to the suppressed coupling of defects and dopants in this case. At room temperature some weakly coupled bound magnetic polarons are still paramagnetic. At low temperature, i.e., 5 K, the paramagnetic polarons can change to ferromagnetic order [ Fig. 11(b) ]. In the case of the sample with the lowest defect concentration (the PO 2 = 10 −3 sample), the isolated spins will not change to ferromagnetic ordering even at a temperature as low as 5 K [ Fig. 11(c) ]. Hence, there is only a small fraction of ferromagnetic phase at low temperature.
IV. CONCLUSION
In this paper, we fabricated Co-doped ZnO thin films on quartz substrates with different oxygen partial pressures using a laser molecular beam epitaxy technique. XRD results confirm wurtzite structure and the growth orientation along the c axis. TEM/EDS mapping indicate the uniform distribution of Co atoms in the ZnO films. No Co clusters are observed. XRD analysis and UV absorbance show the effective incorporation of Co ions on Zn sites and confirm the structural uniformity of the samples. Magnetization measurement reveals that Codoped ZnO films possess ferromagnetic ordering and the saturation magnetization increases with decreasing oxygen partial pressure. μSR measurements also show that Co-doped ZnO films deposited at 10 −7 torr have strong ferromagnetic ordering up to room temperature with a volume fraction of the ferromagnetic phase of 70%, whereas the samples deposited under PO 2 = 10 −3 and 10 −5 torr mainly show paramagnetic behavior at room temperature. Resistivity versus temperature curves and μSR measurements both indicate that bound magnetic polarons are the origin of magnetic moments.
We propose that the interaction between magnetic polarons and oxygen vacancies leads to long range ferromagnetic coupling. 
